Coupled physical -biological modelling experiments were made for the period of 1995-2009 to analyse the spatial and interannual variability of nutrients and phytoplankton production in the Gulf of Maine (GOM). The physical model was the Finite-Volume Community Ocean Model (FVCOM) and the biological model was a Nitrogen, Phytoplankton, Zooplankton, and Detritus (NPZD) model. The simulation was carried out with realistic meteorological surface forcing, five major tidal constituents, river discharge, and observation-based open boundary conditions. The results were robust with comparison to SeaWiFS chlorophyll data and historical data of nitrogen. An Empirical Orthogonal Function analysis clearly identified two dominant modes in nutrient and phytoplankton dynamics: (1) sustained nutrient supply and phytoplankton production from spring through autumn, and (2) a dominating phytoplankton bloom in spring, relatively low production in summer, and a noticeable bloom in autumn. Mode 1 was a dominant feature in strong tidal energy dissipation regions such as the southwestern shelf of Nova Scotia, Georges Bank, Nantucket Shoals, the Bay of Fundy, and the coastal regions of GOM, where tidal pumping and mixing were the major drivers for the sustained nutrient supply, and primary production showed certain resilience with less interannual variability. Mode 2 was a characteristic in the deep Gulf, the offshore region of the Scotian Shelf, and in the open sea area, where the timing and amplitude of the spring phytoplankton bloom is essentially controlled by the salinity regime, and its interannual variability was significantly influenced by freshening events controlled by local and remote forcing.
Introduction
The Gulf of Maine (GOM) is a semi-enclosed continental shelf sea in the northeastern coastal region of North America, with a connection to the Northwest Atlantic Basin through the Northeast Channel (NEC) between Georges Bank (GB) and Nova Scotia (Figure 1 ). In the shallow coastal region, the subtidal circulation is dominated by a general anticlockwise circulation with waters entering from the Scotian Shelf, flowing from the eastern GOM coast (defined as the Eastern Maine Coastal Current, EMCC) to the western GOM coast (defined as the Western Maine Coastal Current, WMCC) and exiting onto the southern New England Shelf (NES) through the Great South Channel (Figure 2 ; Beardsley et al., 1997) . GB is a shallow submarine bank dominated by a permanent clockwise residual circulation (Butman et al., 1982) , and the intensity of this circulation varies significantly with season due to seasonal variability of the tidal mixing front and water transport across the NEC (Chen et al., 1995; Smith et al., 2003) .
The interannual variability of the GOM circulation is controlled by both local and remote forcing, the former comprising air-sea interaction and river discharges (Geyer et al., 2004) and the latter due to slope transport connected to the Labrador Current (Chapman and Beardsley, 1998) and onshore meandering of the Gulf Stream (Garfield and Evans, 1987; Ryan et al., 2001) . Due to the resonant nature of the M 2 tide in the GOM system (Garrett, 1972) , the changes of local and remote forcing plus strong tidal mixing characterize the physical environment that drives the spatial and temporal variations of this coastal system. The GOM/GB is known as a productive ecosystem, with primary production ranging from 180 to 400 g C m 22 year 21 (O'Reilly et al., 1987) . GB is characterized by an around-bank recirculation and the tidal mixing front which separates the central vertically mixed region from the peripheral stratified region. Nutrient cross-frontal transport (also known as "tidal pumping") is the key mechanism to sustain high primary production (Franks and Chen, 1996; Hu et al., 2008) . Garrett and Loder (1981) listed five mechanisms responsible for cross-frontal transport: mean flow flux, shear dispersion, barotropic eddies, baroclinic eddies, and wind-driven transport. Marsden (1986) reported that internal tide instability and breaking played a large role in determining cross-isobath scalar transports. Horne et al. (1989) found that the cross-frontal transport of nitrogen was well in excess for biological demand on GB owing to non-linear interactions and nutrient gradient and mixing. Loder and Horne (1991) did an analytical study on the mechanisms controlling cross-isobath transport. They defined the eddy flux of a scalar in a time-dependent rotary velocity field as the "skew flux", which essentially consists of the transport by the Stokes velocity and contributes to the cross-isobath transport of nutrients on GB. Topographic rectification of barotropic tidal current and baroclinic -barotropic tidal current interaction also can drive cross-isobath transport. In addition to strong non-linear interactions, Chen and Beardsley (2002) combined this asymmetric tidal mixing with varying windforcing and chaotic mixing associated with cross-frontal water exchange to explain cross-isobath transport on GB. Ji et al. (2008) found using a coupled biophysical model that cross-frontal fluxes were modulated by stratification, surface windstress, and the initial nutrient concentration in the GOM source waters (Figure 1 , SR6-SR9).
This region constitutes important fishing grounds, including multiple groundfish species, sea scallops, and shrimps. Intense attention has been paid to phytoplankton blooms, not only for understanding the impact of physical variability on lower trophic level dynamics Chen, 1996, 2001; Ji et al., 2006 Ji et al., , 2008 but also their direct effects on fishery recruitment in the region (Platt et al., 2003; Header et al., 2005; Friedland et al., 2008) . Franks and Chen (1996) pioneered a coupled physical-biological primitive equation model to demonstrate how tidal-induced advection and mixing pump nutrients up towards the tidal mixing front and fuel phytoplankton production on GB. Ji et al. (2008) conducted a process-oriented modelling experiment to examine the impact of freshwater inflow through the Scotian Shelf on the timing and Figure 1 . The GOM study area with the Scotian Shelf to the northeast and the eastern NES to the southwest. Subregions are defined here based on tidal energy analysis : SR1, southwestern Scotian Shelf; RS2, Bay of Fundy; SR3, GOM coast; SR4, GB; SR5, NS; SR6, GOM (.100 m); SR7, Jordan Basin; SR8, Wilkinson Basin; and SR9, Scotian Shelf. Subregions SR1 -SR5 are tidal mixed regions, whereas tidal mixing is relatively weak in the GOM (SR6) and its two deep basins (SR7 and SR8) and the Scotian Shelf (SR9). Continuous lines are the 60, 100, and 200 m isobaths. The deep channel on the northeastern side of GB (SR4) is the NEC and the channel between GB (SR4) and NS (SR5) is the Great Southern Channel (GSC). productivity on the spring phytoplankton bloom in GOM. They found that freshening could lead to an earlier but small bloom as a result of enhanced stratification and reduced nutrient flux from the deeper region to the euphotic zone.
The previous studies have provided conceptual insights into the response of the phytoplankton dynamics to local and remote variability of physical conditions in the GOM/GB region. Due to unavailability of long-term simulations of the physical field, however, no modelling studies were carried out to simulate nutrients and phytoplankton and their variability over seasonal and interannual time-scales. Our understanding of interannual variability of phytoplankton in this region is mainly based on time-series of satellite-derived remote sensing images and field measurement data. Since field measurements were sparse, and the region is often very cloudy, a multiyear model validated with available observational data is needed for a better understanding of the dynamics controlling the spatial and temporal variability of phytoplankton in the GOM/GB region.
The University of Massachusetts-Dartmouth (UMASSD) and Woods Hole Oceanographic Institution (WHOI) joint research team has developed a high-resolution model for the GOM/GB region Cowles et al., 2008) and used it to simulate the physical field over the period of 1995-2009. Driven by the assimilated physical fields, we have run a lower trophic foodweb model for the same period. The goals of our simulation are aimed at (i) studying the response of nutrient-plankton dynamics to different physical forcing conditions and (ii) discerning the major physical and biological factors responsible for the seasonal and interannual variability in biological productivity in the region. Built on a reasonable agreement between modelled and observed nutrient and chlorophyll concentrations, we have conducted Empirical Orthogonal Function (EOF) and correspondence analyses (CA) to examine the dynamical characteristics of the lower trophic foodweb system in space and time over the past decade and distinguish the biological regimes that are influenced predominantly by local and remote forcing.
The model and design of numerical experiments

Physical model
The physical model used to drive the biological model is the threedimensional primitive equation unstructured-grid, general terrainfollowing coordinate, Finite-Volume Community Ocean Model (FVCOM) developed originally by Chen et al. (2003) and upgraded by the team effort Lai et al., 2010; Gao et al., 2011) . FVCOM is discretized with an integral form of governing equations over momentum and tracer control volumes and is integrated with time by a mode-split solver in which external and internal modes are advanced in tandem at different time-steps (Chen et al., 2003) . In the horizontal, FVCOM uses a non-overlapping unstructured triangular grid with an advantage of resolving the complex coastal geometry in the GOM. In the vertical, FVCOM uses a terrain-following hybrid coordinate, in which the water column is divided into 30 layers and the resolution is 1.0 m or less in the shallow regions. Vertical turbulent mixing is calculated using the General Ocean Turbulence Model (GOTM) libraries (Burchard and Bolding, 2001; Tian and Chen, 2006) , with the 2.5 level Mellor-Yamada turbulence model set as the default (Mellor and Yamada, 1982) .
The numerical domain of FVCOM covers the GOM/GB/NES region and is enclosed by an open boundary running from the New Jersey shelf to the Nova Scotia shelf (Figure 2 ). The horizontal resolution is 1.0 -2.0 km around the shelf break of GB and near the coastal region, 2 -3 km over the top of GB, and 10 -15 km in the interior of the GOM and near the open boundary. A hindcast experiment was conducted from 1995 to 2009, in which the model was driven by winds, net heat flux plus vertical penetration of shortwave irradiance computed by the mesoscale meteorological models (MM5 for the period of 1995-2006 and WRF for the period of 2007-2009) at the surface, tidal forcing (constructed using five tidal constituents: M2, S2, N2, O1, and K1) at the open boundary, and freshwater discharge from the primary rivers. The inflow from the Nova Scotia shelf was computed using a sea surface slope determined from observed density distribution and Ekman transport from local windforcing. Data assimilation of SST and available hydrographic profiles was conducted daily (Chen et al., 2009) . A series of data-model comparison were made to validate this model (e.g. Cowles et al., 2008; Lai et al., 2010; Chen et al., 2011; Xue et al., 2012) .
To illustrate the robustness of the physical simulation, simulated currents averaged over July are plotted together with the synthesized summer residual current by Beardsley et al. (1997) . Examples of 1995 (starting year) and 2009 (ending years) are included ( Figure 2 ). All the major currents and circulation systems are resolved, including the Scotian Shelf inflow, the anticlockwise coastal circulation around the coast of the GOM, the clockwise recirculation gyre around GB, and the outflow through the Great South Channel to the Mid-Atlantic Bight. For detailed interpretation of the simulated physical fields, readers are referred to Cowles et al. (2008) , Lai et al. (2010) , Chen et al. (2011), and Xue et al. (2012) .
Biological model
The NPZD model consists of four state variables: Nitrogen (N; dissolved inorganic nitrogen), Phytoplankton (P), Zooplankton (Z), and Detritus (D) and six processes controlling trophic links and remineralization ( Figure 3) . The model unit is mmol N m 23 for all the state variables. Phytoplankton biomass (P) is controlled by growth (U P ), grazing (G Z ), mortality (m p ), and sinking (s p ):
Phytoplankton growth is regulated by nitrogen limitation [f (N)], photosynthetically active radiation [f (I )], and temperature Figure 3 . NPZD model structure and energy flow.
Model study of nutrient and phytoplankton dynamics [f (T )] expressed mathematically as:
where m max is the maximum growth rate of phytoplankton. Limitation of phytoplankton growth by nitrogen is formulated using the Michaelis-Menten kinetics:
where K N is the half-saturation constant. Light forcing on phytoplankton growth is parameterized using the Platt et al. (1980) formulations:
where a and b are the light-growth slope and inhibition coefficient and I represents the photosynthetically active radiation (PAR) and its attenuation in the water column is calculated as a function of water depth (z), phytoplankton (P), and detritus (D) concentration given as:
where I 0 is PAR at the sea surface and k W , k P , and k D are the attenuation coefficients of water, phytoplankton, and detritus, respectively. Temperature effect on phytoplankton growth and other biological rates is parameterized as an exponential function:
where a and T opt are the coefficient and optimal temperature. Zooplankton grazing is formulated as:
where g max is the zooplankton maximum grazing rate and K P the half-saturation constant for zooplankton grazing. The zooplankton biomass is then determined by growth efficiency (g) and mortality (m z ):
where g is the assimilation coefficient and m z the mortality coefficient. Nitrogen is taken up by phytoplankton and produced through remineralization of biogenic detritus and zooplankton metabolism:
where l is the active respiration zooplankton expressed as a fraction of grazing and 1 the remineralization rate of detritus. Detritus is formed through phytoplankton and zooplankton mortality and egestion and remineralized into nitrogen:
The NPZD model represents an aggregated compartment model with simplified biological processes. At the phytoplankton level, the model is not species-specifics such as differences in growth rate and nutrient demand. Phytoplankton respiration is not explicitly simulated, but integrated into the grazing and mortality terms. As presented later, 30% of the grazing amount is directly converted into inorganic nitrogen and biogenic detritus from phytoplankton mortality is constantly mineralized into inorganic nitrogen. Both the grazing and the mineralization rate depend on temperature forcing. Only nitrogen is considered in the model and nutrient limitation by silicate and phosphorus is not included. The zooplankton compartment serves as a closure term that mimics the grazing pressure on phytoplankton. Differences in zooplankton species are not taken into account, and predation from higher trophic level is combined in the mortality terms. Despite these simplifications and aggregations, the NPZD model has demonstrated its capability of simulating the basic ecosystem process at the low trophic level . We chose this model with an aim at identifying physical drivers for interannual variability of nutrients and phytoplankton. For this purpose, species-specific properties are beyond the scope of our consideration. Parameter definition, units, and values were described in detail in Ji et al. (2008) and Tian et al. (2001) (Table 1 ). The phytoplankton maximum growth rate (m max ), light photosynthesis slope (a), and light inhibition coefficient (b) are assigned together to fit the photosynthesis -irradiance curve observed in the region (Ji et al., 2006) . . Note that this value includes the loss of the total phytoplankton biomass other than zooplankton grazing, such as respiration and DOM exudation. The half-saturation constant for nitrogen uptake is assigned to 0.5 mmol m 23 for the bulk phytoplankton compartment. Zooplankton maximum grazing rate (g max ) is set to 0.81 × 10 25 s 21 (0.7 d 21 ). The active respiration of zooplankton intake (l) is set to 0.3, whereas the growth efficiency (g) is 0.4. This means that 30% of the grazing is converted to inorganic nitrogen through metabolism, 40% is used to grow, and the remained 30% is channelled to detritus through sloppy feeding and egestion. The mortality of zooplankton (m z ) is assigned to 6% d
21
, including the predation loss by higher trophic predators. All the biological processes are subject to temperature with an exponential coefficient (a) of 0.07, so that the biological response is doubled over each 108C increase in temperature. As the same temperature parameter values were used due to the lack of information specific to each process in the region, different responses to temperature forcing from zooplankton and phytoplankton were not resolved in this application. Although, light attenuation is linked to phytoplankton and detritus shading, the detritus D in Equation (5) represents only dead biological materials. Any sediment resuspension and mineralization linked to tidal energy dissipation were not modelled. On the other hand, the attenuation coefficient by water (k w ) is assigned to 0.08 m 21 , which is significantly higher than that of pure water and was thus designed to capture attenuation by suspended sediment and dissolved materials. Using this parameter set, the model is able to reproduce the observed nitrogen and chlorophyll fields described later in the paper. While the model structure, biological processes, and parameterizations are highly simplified, the results compare well with the field data. Future studies are needed to examine more complex model structure and evaluate the full parameter space.
Initial and boundary conditions for the NPZD model
The initial condition of nitrogen was specified using the December climatological data obtained through an objective analysis (OA; Figure 4 ). Data sources include the National Oceanographic Data Center (www.nodc.noaa.gov), the Canadian Marine Environmental Data Service (MESD, provided by Dr Pierre Clement) and the University of Maine Database (provided by Dr Dave Townsend). In total, 1398 data profiles were gathered for December. The OA was done using the software developed by Bedford Institute of Oceanography (Hendry and He, 1996) . In this software, the covariance function (R) between data and estimation sites is calculated with a function of the pseudo-distance (r) given as
where x, y and z are the eastward, northward, and upward axes of the Cartesian coordinate system; t denotes the time; the subscripts d and m indicate data and model positions, respectively; and parameters a, b, c, and T are the de-correlation scales for their corresponding coordinate. Given the sparse data, particularly in the open sea regions, the relatively large de-correlation scale of 100 km was Model study of nutrient and phytoplankton dynamics used for a and b. In the vertical, the data were first interpolated onto standard levels, so that the depth de-correlation scale c was assigned to 1 m. The de-correlation time-scale term in Equation (6) was not taken into account, so that all the data in the month were equally weighted.
The resulting initial field of nitrogen was relatively homogenous in the horizontal (Figure 4 upper panel), with slightly higher values near the eastern Maine coastal area and slightly lower values along the shelf break region and over the Scotian Shelf. In the vertical, the nitrogen concentration increased with depth: 2-8 mM near the surface in the interior and 10 mM in the coastal region and .18 mM below 150 m (Figure 4 lower panel) . Over the southern flank of GB, low concentration ,5 mM appeared in the region between the shelf break and 40-m isobath.
The initial condition of phytoplankton was determined based on historical and SeaWiFS-derived chlorophyll concentrations with an assumption of a carbon to chlorophyll ratio of 50 and the Redfield C:N ratio of 6.625 (Anderson, 2009) . First, an average profile of the chlorophyll concentration in the computational domain was constructed from the available December climatological data ( Figure 5) . Then, the 9-km resolution SeaWiFS-derived chlorophyll concentration data were extrapolated into the water column according to the averaged profile of historical data. The extrapolated dataset was finally interpolated on the simulation grid using the OA mapping. The chlorophyll concentration in December was at a relatively low level: ,1 mg l 21 in most of the computational domain and in a range of 1 -3 mg l 21 in the coastal regions and embayments. Slightly higher chlorophyll concentration was observed over GB. Few data were available for zooplankton biomass and biogenic detritus, so that the constant values of 0.4 and 0.2 mmol N m 23 were specified, respectively. These values were spatially modified in the equilibrium run after 5-year spinning-up simulation. The simulated zooplankton biomass ranges from 0.2 to 0.8 mmol N m 23 and that of detritus were not well recorded due to sinking in the water column. As mentioned in the previous section, these two terms represent model closures, so that detailed results are not presented in this paper. As these values are relatively small compared with nitrogen concentration, it is unlikely that the initial values of zooplankton and detritus can significantly alter the nitrogen mass balance in the whole system.
The open boundary condition of nitrogen was constructed for each month using the historical data through the OA mapping. Since data were too sparse for phytoplankton, zooplankton, and detritus, a data-based open boundary condition cannot be established. In the case when the current flows from inside to outside of the domain, concentrations at the boundary nodes are determined by the mass balance among all the biological and physical terms, the same way as a regular node inside the domain. When the current flows towards the inside of the domain, the concentration at the previous time-step was used at the open boundary node. Nutrient inputs from the rivers were determined by historical data.
Numerical experiment and data analysis
The biological model was driven by the FVCOM hourly output fields, with an integration time-step of 120 s. The two successive hourly physical fields were linearly interpolated to the biological time-step, with a recalculation of continuity equation to ensure the volume conservation. Using the aforementioned initial and boundary conditions, the model was first spun up 5 years using the 1995 physical forcing to reach an annual equilibrium state and then run continuously from 1995 to 2009.
Model output was validated with SeaWiFS and historical chlorophyll data. A Taylor diagram was constructed based on observed nitrogen and monthly SeaWiFS chlorophyll data. Basically, a Taylor diagram displays the correlation coefficient, standard deviation, and centred root-mean-square error (RMSE) between observations and model results on the same arc diagram (Taylor, 2001) . The correlation coefficient (R) between modelled and observed values is given by the azimuthal position (A): Page 6 of 15
The standard deviation is proportional to the radial distance from the origin and the RMSE the distance between the modelled and observed values in the diagram with the same unit of standard deviation (Taylor, 2001) . Given that the standard deviation of observed data varied from year to year, normalization was performed using the standard deviation of the observation (Fennel et al., 2006) . EOF analysis was performed on monthly averaged primary production results. Given the heterogeneity of biological fields, normalization on the raw data were first performed on each node by subtracting the temporal mean, and then, dividing the data by the standard deviation obtained from the same node over the full dataset (Yoder et al., 2002) . Singular value decomposition was used to obtain the dominant EOF modes and principal components. Further, CAwere conducted to link the timing and amplitude of the spring phytoplankton bloom with environmental factors such as the surface mixed layer depth, temperature, salinity, nitrogen concentration, and zooplankton biomass. CA can reveal not only the dependence between variables, but also their temporal evolution over the years analysed in the model (Gottelli and Ellison, 2004) . The amplitude of the bloom was defined as the maximum chlorophyll concentration and the timing was defined as the day of the year when the maximum chlorophyll concentration occurred. While the timing of the bloom varied each year, the environmental condition averaged in February was used as a pre-bloom condition. CA was performed on the normalized dataset to avoid bias caused by variable units. Model study of nutrient and phytoplankton dynamics 0.25 over the 15 winters, whereas the average CV of the other tidally dominated subregions was 0.15.
Results
Nitrogen
For the deep Gulf region (SR6 -SR8), nitrogen displayed seasonal and interannual variations in the surface layer similar to that observed in the shallow regions (Figure 7 ). Seasonal variation was basically dominated by nitrogen replenishment in winter and depletion in summer. On the interannual scales, winter 1998 was also characterized by relatively low nitrogen in the surface layer as that observed in the shallow regions. There was also a decline of nitrogen concentration in winter 2005 compared with that of 2004, but it was in 2000, when the lowest level of nitrogen was observed. In general, the model results compared relatively well with the historical data, but some particularly high values were not reproduced, such as in winter 2002 and 2004. The model results were averaged over the large subregions, whereas the data were collected at specific locations. Spatial variations can also create deviation in the modeldata comparison. The deep layer showed much less variations than the surface layer (CV ¼ 0.11 in the deeper layer vs. 0.96 in the surface layer over all seasons and years). Although seasonal variations in the deep layer were limited, nitrogen concentration decreased during the replenishment in surface water in winter, indicating that nitrogen was brought from deeper to the surface layer due to increased vertical mixing. Nitrogen increase in summer in the deep layer most likely resulted from remineralization of sinking biogenic detritus that conveyed material flux from the surface euphotic zone to deep water. In general, the model results compared relatively well with the data in the deep layer, but tended to underestimate the interannual variations. Particularly from 2005 to 2008, data tended to show more seasonal variations than the model prediction.
Monthly nitrogen profiles were established in the GOM based on the subregional average (SR6 -SR8) of both available data and model results to illustrate the vertical structure and similarity between simulation and observation ( Figure 8 ). Nitrogen was relatively high in surface layers in winter (January -March) and increased gradually from surface to bottom layers. Nitrogen removal essentially started in April and a subsurface nutricline formed as a result of nitrogen removal and wind-induced mixing. Nitrogen removal from the surface layer continued from April through June when the surface nitrogen level dropped practically to zero with the nutricline gradually deepening. The nutricline stayed at a similar level from July through September and nitrogen started to be replenished in October till December when the nitrogen vertical profile resembled that in January. The model results were mostly comparable with the data in terms of vertical structure and seasonal variations. A Taylor diagram was constructed based on all nitrate data in the simulation domain. Moulded results were interpolated to the data points in space and time before statistical analysis. The number of data samples varied from 121 in 1997 to 2689 in 2001 with a global total of 15 060 for all the years combined. The correlation coefficient between observed and simulated nitrogen concentration ranged between 0.4 and 0.8, all highly significant based on Student's t-test (Figure 9 ). The highest correlation coefficient (0.8) was found for the year 2002 and the lowest value (0.4) for 1997. The global correlation coefficient for all the years combined was 0.63. The standard deviation (STD) of the model prediction was relatively smaller than that of the data for all the years and the combined dataset. The highest normalized standard deviation (the ratio between the model STD and data STD) was found for the year 2008 when the STD was similar between the model prediction and observation. The lowest normalized STD was found for the year 2007 when the model-predicted variability in nitrogen concentration was approximately half of the observed value. For the other years, the normalized STD of model prediction ranged from 0.63 to 0.94 and 0.77 for all years combined. The difference between model prediction and observation (i.e. the distance between the data point and individual years in the Taylor diagram) ranged from 0.6 to 1 times the STD of the data. For all years combined, the centred RMSE was 0.79 times the data STD. Given the variation in the data, these residuals between simulation and data are within a plausible range.
Chlorophyll
As few synoptic data of phytoplankton biomass were available, modelled results of phytoplankton biomass were converted to chlorophyll by using the C:Chl. ratio of 50 and the Redfield C:N ratio of 6.625 (Anderson, 2009 ) and then compared with field observation and SeaWiFS data. For visual comparison, monthly average and standard deviation of historical data and SeaWiFS data were plotted against model prediction for the six subregions SR6-SR8, SR9, and SR2-SR5 (Figure 10 ). For the deep Gulf region, model prediction and data compared relatively well. The seasonal pattern was characterized by a dominant spring bloom and a relatively small autumn bloom. In certain cases, field measured values were higher than SeaWiFS estimates such as in 1997, 1999, 2007, and 2008 . The model prediction was mostly between the two previous estimates.
In the shallow regions with either high tidal energy dissipation (SR2-SR5) or inflow from the upstream (SR9), a common feature is that there was no prominent spring bloom when compared with that in the deep Gulf (SR6-SR8). Instead, elevated chlorophyll concentration occurred from spring until autumn. On the Scotian Shelf, there was a gradual decrease in chlorophyll concentration from spring to autumn. Data from field measurement were higher than SeaWiFS estimates in certain cases and the model prediction was mostly comparable at the upper boundary of field observation. This area is close to the open boundary and under the influence of the inflow from the eastern Scotian Shelf and boundary conditions. In the BF, model prediction and data compared fairly well. Only in 2009 were the SeaWiFS data notably higher than the model prediction and also higher than the other years. In the BF and other coastal areas, nutrient loadings from river discharge add another dimension of complexity that can cause mismatches between model and observation.
In the GOM coastal region, SeaWiFS revealed particularly high variability in chlorophyll concentration, and usually, the SeaWiFS estimates were higher than field observations. Model prediction was mostly comparable with field data and also within the low range of SeaWiFS estimates. On GB, model-SeaWiFS data compared relatively well. In 2007 and 2008, however, historical data showed values higher than both SeaWiFS data and model prediction. Historical data were also scattered from 1997 to 1999, with 
Model study of nutrient and phytoplankton dynamics
SeaWiFS estimates and model prediction within the range of field data variations. There were few historical chlorophyll data in Nantucket Shoals (NS). SeaWiFS data also showed large variation in certain years. The model prediction was higher than SeaWiFS data at the low range, but lower than the SeaWiFS data at the high range. NS is a particularly active tidal-energy-dissipation zone where tidal waves from the GOM and south NES converge (Shearman and Lentz, 2004; Chen et al., 2011) . The complex hydrodynamics can potentially influence the ecosystem function and result in high variability.
To further examine vertical structure in the water column, examples of chlorophyll profiles were presented together with model predictions (Figure 11 ). These profiles were selected each month to show seasonal variations in the Wilkinson Basin (SR8). Chlorophyll concentration was relatively low in the entire water column in January and February. An increase in chlorophyll concentration was observed and also simulated in the surface layer in March and April, followed by a subsurface maximum in May that was observed and predicted, which lasted until September. The depth of the subsurface maximum gradually deepened from around 20 m in May to 40 m in September. Chlorophyll concentration increased again in October, followed by a decrease in November, returning to winter chlorophyll level in December. The model prediction compared well with the data and in particular, the amplitude and depth of the subsurface chlorophyll maximum matched well between the model and the data.
A Taylor diagram was constructed on the monthly data averaged over the entire simulation domain (Figure 12 ). The correlation coefficient ranged from 0.41 in 1998 to 0.77 in 2007 and 0.53 for all years combined. The one-tail Student's t-test gives a minimum correlation coefficient for 95% significance of 0.50 for a sample size 12 for individual years and 0.14 for a sample size of 144 for the all-years combined case. Except for the years 1998 and 2000, all other years have a significant correlation coefficient between observation and simulation. In terms of variations, the standard deviation (STD) of simulation was higher than that of SeaWiFS data in most of the years. Only in 2009, the simulated STD was smaller than that of the SeaWiFS data. For the other years, the normalized STD ranged from 1.07 in 1999 to 1.86 in 2005. For all years combined, the variability of model prediction and SeaWiFS data was comparable, with an STD ratio of 1.1. Considering the difference between model prediction and SeaWiFS data, the centred RMSE ranged from 0.78 (2009) to 1.38 (2002) times the STD of the SeaWiFS data. For all years combined, the difference stood at the same level of the SeaWiFS data STD.
EOF analysis
An EOF analysis of primary production was performed to synthesize the spatial structure and time evolution of phytoplankton production process. It is worth noting that in the physical simulation, the model bathymetry was cut off at 300 m off-the-shelf break connecting to the interior of the Atlantic Ocean. These regions were subject to the specified open boundary condition where no Gulf Stream and water transport from the upstream Labrador Sea were included. The model cannot adequately resolve these regions in terms of both physical and biological fields. Consequently, we removed these regions in the EOF analysis ( Figure 13) .
The EOF analysis results show that the phytoplankton field variability is well characterized by the first and second modes, which account for 67 and 14% of the total variance, respectively. The third and fourth modes contributed only 3 and 2% to the total variance, which were not significant. Mode 1 (Figure 13a ) essentially represents the shallow tidally dominant system including the southwestern Scotian Shelf, BF, GOM coastal region, GB, and NS (SR1 -SR5 in Figure 1 ). These five regions are highly tidally dissipated and vertically well mixed . The Mode 1 amplitude time-series (Figure 13c ) exhibited high values in spring through early autumn and low values in later autumn and winter. This pattern has certain similarity with the chlorophyll concentration, which had relatively high values from spring through early autumn. Based on the Mode 1 time-series, the persistent high level in chlorophyll concentration was essentially sustained by elevated primary production rate during a long period.
EOF Mode 2 essentially represents the deep Gulf region (SR6-SR8), Scotian Shelf (SR9), and shelf break zone (Figure 13b ). The deep Gulf region, the region between the 60-and 200-m isobaths on the Scotian Shelf, and the shelf break zone over the southern NES show higher loading, while the southern flank and the Northeast Peak of GB between the 60-and 200-m isobaths had modest loading on both the first and second modes, which we believe function as a transitional region. The Mode 2 amplitude time-series (Figure 13d ) displayed a peak value in the spring of each year, which represents the spring phytoplankton bloom. A second peak was also seen during autumn season each year, which coincided with the autumn bloom. It is clear that the dynamics controlling the second mode were more relevant to the local airsea interaction (in the deep GOM region) and the inflow transport from the remote upstream region (Scotian Shelf).
Discussion
The EOF analysis clearly distinguishes two different systems in terms of phytoplankton primary production. The first system is characterized by sustained high primary production from spring through early autumn. For this to happen. there must be sustained nutrient Figure 12 . Taylor diagram based on monthly SeaWiFS and modelled chlorophyll concentration from 1998 to 2009 averaged over the whole domain. Star, SeaWiFS; dot, all years combined; number, year. The correlation coefficient R for significance at 95% confidence for Student's t-test is .0.50 for a sample size of 12 and .0.14 for a sample size of 144 in the all-years combined case.
resources that fuel the high production. These regions are tidally dominated with high tidal energy dissipation, which can explain in part the nutrient transport system leading to the sustained high primary production. Nutrient tidal pumping resulting from multiple hydrodynamic processes is the key in nutrient supply and sustained primary production on GB (see the Introduction section). Although tidal pumping most likely affects other shallow regions, each has its own specific hydrodynamic regime. NS (SR5), in addition to tidal pumping from the GSC, is also a flow-through system without a well-defined frontal zone Lentz, 2003, 2004; Xue et al., 2011) . Due to cross-isobath currents, nutrient supply at the shelf break region can rapidly spread into the whole region. The GOM coastal subregion (SR3) is characterized by large tides and energetic tidal mixing. Interaction between tidal currents and sloping-bottom topography can generate nutrient flux from the deep Gulf region (SR6-SR8) onto the coastal region. River discharges bring additional nutrients into the system, which contribute to the elevated primary production. Besides tidal rectification and river discharge, the coastal current system (EMCC-WMCC) represents a specific feature for this subregion. The coastal current ranges from 10 to 20 cm s 21 and occasionally reaches up to 50 cm s 21 (Geyer et al., 2004) . Current variation and instability can generate cross-isobath nutrient transport fuelling local phytoplankton growth (Smith and Sandstrom, 1988) . The exceptional high tide in the BF (SR2) and the subsequent vertical mixing is the primary factor behind the sustained phytoplankton production there. It has been reported that internal tides and soliton-like waves help to convey nutrients from deep to the surface layers (Gordon and Bretta, 1982) . Grand Manan Island, located at the entrance of the BF, provides a unique topographic feature for tidal interaction and thus enhances nutrient supply and primary production . Two major rivers, the St John River and St Croix River, empty into the BF, contributing additional nutrient sources. The southwestern Scotian Figure 13 . EOF analysis of primary production. The upper panels depict the spatial structure of the first two EOF modes and the low panels present the time-series of the first two modes (dimensionless scalar).
Model study of nutrient and phytoplankton dynamics
Shelf (SR1) is a broad, curved shelf that features both large tidal currents and high energy dissipation and a strong coastal flow of Scotian Shelf water clockwise around Cape Sable towards the mouth of the BF (Smith, 1983; Beardsley et al., 1997) . The high phytoplankton production found in this subregion is fuelled by nutrients from deeper water through topographic upwelling (Tee et al., 1993) . They found that the large tidal currents combined with the curving isobaths and mean current (especially near Cape Sable) generated a mean cross-isobath bottom flow. This flow brought nutrients onshore into the tidal mixing zone where the water column was well mixed.
In contrast to these highly energetic regions, the central part of the GOM (SR6 -SR8) is stratified during the summer season. Once the nutrient stock is taken up during the spring phytoplankton bloom, stratification impedes further significant nutrient supply from the deep layer so that phytoplankton production stays at a relatively lower level during the summer season. In late autumn, increased cooling and windstress erode the thermocline and increases vertical mixing, which bring nutrients from deeper layers to the euphotic zone and fuel phytoplankton development, leading to the autumn bloom. Although the species composition of the spring and autumn blooms may be different and these differences are not resolved by the aggregated NPZD model, we believe that the key control on the timing and amplitude of phytoplankton blooms is the physics-controlled nutrient flux and this flux was reasonably simulated by this simple NPZD model. The Scotian Shelf (SR9) is outside the GOM/GB resonant system, where the tidal amplitude is much smaller than in the GOM/GB system. This shelf is directly downstream of the Gulf of St Lawrence, the Grand Banks, and the Newfoundland/Labrador shelves. The dynamics controlling the primary production is highly associated with wind-and buoyancy-induced regional circulation and shelf-basin water exchanges.
The stratified deep Gulf region also shows more interannual variability in terms of annual primary production than the more energetic coastal and bank subregions. Based on the annual primary production predicted by the model, GB is the most productive subregion with average primary production of 321 g C . This is not surprising since the on-bank transport of nutrients from the deeper GOM is due primarily to tidal pumping and other tidally driven and non-linear processes. As tidal energy does not change over years, although the area of the vertically well-mixed region bounded by the tidal mixing front changes seasonally, these regions show a resilience in terms of interannual variability.
The Wilkinson Basin (SR8) is a typical deep stratified region in which regular spring phytoplankton blooms occur each year. A correspondence analysis was conducted to investigate the dynamics of the spring phytoplankton bloom, interannual variability, and controlling factors. The analysis included the timing and amplitude of the spring bloom, winter surface mixed layer depth, temperature, salinity, zooplankton abundance, and nitrogen level in terms of a basin average (Figure 14) . The timing of the spring bloom ranged from day 86 in 2005 to day 124 in 2007 and the magnitude ranged from 4.0 mg chl l 21 in 1997 to 5.8 mg chl l 21 in 2008. The first and second principal components of the correspondence analysis explain 43 and 26% of the total variance, respectively, which are quite significant in terms of variance representation. Bloom timing and amplitude, mixed layer depth, and nitrogen are all clustered on the positive side of the first principal axis. This suggests that the deeper mixed layer delays the spring phytoplankton bloom, but the abundance of nutrients resulted from strong vertical mixing leads to a stronger bloom. On the other hand, zooplankton is loaded on the negative side of the first principal axis, which typically indicates a top-down control in phytoplankton development. Since vertical migration, winter diapauses and predation from high trophic levels were not simulated in the model (Johnson et al., 2006) , zooplankton results should be interpreted with caution, although it was consistent with the Continuous Plankton Recorder data reported in Kane (2011) . Salinity is grouped together with the mixed layer depth, nitrogen concentration, and the timing and amplitude of the spring phytoplankton bloom, but temperature is isolated on the second principal axis. Consequently, salinity is the primary factor in determining the dynamics of the spring phytoplankton bloom in the GOM. Freshwater inflow is one of the key elements in determining stratification and the onset of the bloom in some parts of the Gulf (Ji et al., 2007 ). There are two major freshwater sources for GOM: local sources from rivers and external sources from the Scotian Shelf. The physical model included 33 rivers emptying into the entire Gulf. External sources include the low-salinity Labrador Current and the Gulf of Saint Lawrence.
If one rotates the principal component axes 458 anticlockwise, then axis 1 will be closely aligned along the line from point 1998 to point 2007, with salinity in the positive side in 2007 but negative side in 1998. Indeed, 1998 is characterized with low salinity (31.45), a relatively shallow winter mixed layer (90 m), and a relatively earlier phytoplankton bloom (on day 90). Greene and Pershing (2003) showed that the freshening in 1998 was essentially a remotecontrolled event through the inflow on the Scotian Shelf, although the exact sources and mechanisms are still not well understood. Li et al. (2014) are also on the opposite side of salinity on both the (nonrotated) first and second principal axes, though with a shorter distance when compared with 1998. These two years are also characterized with relatively low salinity (32.4 and 32.8, respectively) and earlier spring blooms (on days 86 and 90). This freshening event is much weaker than that in 1998 and the system recovered in 2007. Salisbury et al. (2009) reported that spring 2005 was among the wettest on record for the drainage basins discharging into the Gulf including the Gulf of Saint Lawrence. As such, local river discharges appear the major source for the freshening event in 2005. Regardless of the origin of freshwater, both freshening events affected the timing and amplitude of the spring bloom.
Given that the same outer boundary conditions were used for all years, the model appeared to resolve some of the interannual variability caused by the boundary inflow. The nutrient concentration can vary in the inflow from the Scotian Shelf, and in particular, in the slope water that enters into the GOM through the NEC. Petrie and Yeats (2000) reported that the cold-fresh Labrador Current is characterized with low nutrient when compared with warm offshore slope waters. Nitrate concentration is .23 mM in the Warm Slope Water, but only 15 -16 mM in cold Labrador Slope Water . As there were not enough data to establish boundary conditions for each year, the potential influence of nutrient concentration variations at the open boundary on the productivity and ecosystem function were not resolved in this model application.
It should be pointed out here that the simplified and aggregated NPZD model was not able to capture biological regime shift due to physical and climate forcing. It may require a more complicated model to simulate the potential impact of physical forcing on succession in phytoplankton and zooplankton species and foodweb structure. In addition, the model-produced interannual variability needs to be interpreted with caution since the physical model results used in this study do not well resolve the boundary flux associated with the inflow from the remote upstream region or the interaction with the Gulf Stream. Larger simulation domains or global -regional nested model systems are required to more adequately resolve these remote forcings, which the UMASSD/ WHOI team is targeting in an ongoing project.
Summary
Our model experiment clearly distinguishes two dominant ecosystem functionalities in the GOM -GB regions. One is characterized with sustained primary production and chlorophyll concentration from spring through autumn, and the other is characterized by a prominent spring phytoplankton bloom followed by a small autumn bloom. The first functionality was found over the southwestern Scotian Shelf, GB, NS, the BF, and the GOM coastal region. These subregions are characterized by high tidal energy dissipation, which can explain in part the nutrient transport system leading to the sustained high primary production, although the detailed mechanisms can differ from region to region. The high phytoplankton production found in the southwestern Scotian Shelf is fuelled by nutrients from deeper water primarily through topographic upwelling. Tidal pumping and cross-frontal transport are the dominant dynamics leading to high sustained nutrient supply and primary production on GB. NS is essentially a flowthrough system where the WMCC carries nutrients from the western GOM region into the system. In this subregion, the tidal pumping-supplied nutrients from the northern GSC could be quickly spread over the NS and lead to local high phytoplankton production. Strong vertical mixing driven by the energetic tides in the BF is the key mechanism underneath high primary production, whereas the Eastern and WMCCs, frontal instability, and river discharge contribute to high productivity in the GOM coastal regions. The second functionality was essentially identified in the deep Gulf, Scotian Shelf, and slope regions. Strong stratification in summer impedes nutrient supply and primary production, giving prominence to distinct phytoplankton blooms in spring and autumn.
Between regions of typical functionality are transitional zones where signals of both functionalities are observable but not as prominent as in the aforementioned subregions. The Northeast Peak and the southern flank of GB are found as transitional zones.
As the tides are the primary driving force in the first type of ecosystem function in which sustained phytoplankton production was simulated, these regions show limited interannual variability. On the other hand, the second type of ecosystem function where spring and autumn phytoplankton blooms were observed exhibits more interannual variations in terms of the timing and magnitude of the spring phytoplankton bloom and annual primary production. Salinity regime changes resulting from freshening events are shown to be one of the key driving factors in determining the time and magnitude of the spring bloom. During both the remotely controlled freshening event in 1998 and more locally driven freshening event in 2005, small and earlier spring blooms were simulated.
